We surveyed the circumnuclear disk of the Seyfert galaxy NGC 1068 between the frequencies 86.2 GHz and 115.6 GHz, and identified 17 different molecules. Using a time and depth dependent chemical model we reproduced the observational results, and show that the column densities of most of the species are better reproduced if the cold gas is heavily pervaded by a high cosmic ray ionization rate of about 1000 times that of the Milky Way. We discuss how molecules in the NGC 1068 nucleus may be influenced by this external radiation, as well as by UV radiation fields.
Introduction
The NGC 1068 proximity (D=14.4 Mpc, [5] ) and luminosity (L IR = 3 × 10 11 L ⊙ , [17] ) make this galaxy the best studied object in the local universe hosting an active galactic nucleus (AGN). Besides, NGC 1068 shows an extremely rich molecular complexity, as shown by many studies conducted in the millimeter (mm) and submm ranges (e.g. [10, 6, 14] ). Molecular emission is one of the best tools to study the physical properties of the interstellar medium in galaxy nuclei, and in particular in AGN where the gas is heavily obscured by large amounts of dust that absorb the emitted radiation in other wavelengths. The gas in the circumnuclear disk (CND) Rebeca of NGC 1068 seems to be heavily pervaded by X-ray radiation originated in the nuclear accretion disk, forming a giant X-ray dominated region (XDR) which leaves particular imprints in the chemical composition of the ISM, such as enhanced SiO and CN abundances [18, 8] . To understand the role of X-rays in this type of galaxies, we conducted an unbiased molecular line survey towards the CND of NGC 1068, and modelled its molecular emission considering different combinations of far UV (FUV) radiation fields and cosmic ray ionization rates.
Observations, data reduction and analysis
We observed the CND of NGC 1068 (α 2000 = 02:42:40.9, δ 2000 = -00:00:46.0) with the IRAM 30-m telescope 1 (Pico Veleta Observatory, Spain) between October 2009 and July 2010. Using the band E0 of the EMIR receiver and the WILMA autocorrelator, we covered the frequencies between 86.2 GHz and 115.6 GHz, for which the telescope beam size ranged from 21 ′′ to 29 ′′ , and the channel width spacing was 7 − 9 km s −1 . The data was calibrated using the standard dual method. The observations were done wobbling the secondary mirror with a switching frequency of 0.5 Hz and a beam throw of 220 ′′ in azimuth. We checked the pointing accuracy every hour towards nearby bright continuum sources. The pointing corrections were always better than 4 ′′ . The focus was also checked at the beginning of each run and during sunsets.
The observed spectra were converted from antenna temperatures (T * A ) to main beam temperatures (T MB ) using the relation T MB = (F eff /B eff ) T * A , where F eff is the forward efficiency of the telescope, whose values were between 0.94 and 0.95, and B eff is the main beam efficiency, ranging from 0.77 to 0.81. Linear baselines were subtracted in all cases. The rms achieved is ≤ 2 mK across the whole survey. The data were also corrected by beam dilution effects as
T MB , where T B is the source averaged brightness temperature, θ s is the source size and θ b is the beam size. Based on NGC 1068 interferometric observations of 12 CO, HCN and 13 CO (e.g. [9, 15] ) we have assumed an average source size of 4 ′′ for all the species detected in this survey.
Gaussian profiles were fitted to all the detected lines. The reduction of the spectra and Gaussian profile fitting were done using the CLASS 2 and MASSA 3 software packages. Figures showing the spectra, the resulting parameters from the Gaussian fittings, and details about each detected molecule are shown in [1] .
Assuming local thermodynamic equilibrium (LTE) and optically thin emission for all the detected species, we made Boltzmann diagrams to roughly estimate the column densities of the molecules. However some species, such as CO and HCN, are certainly affected by optically thickness. The values of the column densities for each species, as well as the impact of opacity effects in our calculations, are also shown in [1] . To model the observations we used the time and depth dependent chemical model UCL CHEM [19, 20] , which was run in two separate phases. During Phase I, we first simulated the formation of a dark cloud by collapsing an atomic diffuse gas from a density of 100 cm −3 to a final density of 10 5 cm −3 . During the collapse atoms and molecules freeze onto the dust grains forming icy mantles. Both gas and surface chemistries are self-consistently computed. Once the gas is in equilibrium again, UCL CHEM compiles in Phase II the chemical evolution of the gas and the dust after a burst of star formation has occurred, so, while the temperature during the first phase of the modelling was kept to 10K, during the second phase it is increased to 100-350 K and the icy mantles are evaporated. The chemical evolution of the gas is then followed for 10 7 years. In both phases of the UCL CHEM model the chemical network is based on more than 2345 chemical reactions involving 205 species of which 51 are surface species. The gas phase reactions were adopted from the UMIST data base [13, 12, 21] . The surface reactions included in this model are assumed to be mainly hydrogenation reactions, allowing chemical saturation where this is possible.
Modelling of the data
To sample the likely co-existing conditions that molecules are experiencing in the nucleus of NGC 1068, we run four models (named a, b, c, and d), which allowed us to investigate the response of the chemistry to the changes in FUV radiation fields and cosmic-rays ionization rate, ζ (which can be used to simulate XDR-like environments). The values of these two parameters are listed in Table 1 . On the other hand, in order to reproduce the physical conditions of the CND of NGC 1068, we used a final density of n H =10 5 cm −2 and a metallicity value of z=1.056 z ⊙ , based on previous studies of the galaxy (e.g. [22, 16, 10] ). The initial elemental abundances (C/H, O/H, N/H, S/H, He/H, Mg/H and Si/H) used in our study are those corresponding to extragalactic environments as described in [2] . Other parameters not mentioned (e.g. grain size) have been kept to their standard (Milky Way) values.
Using the results of the models, we calculated the column densities of the seventeen species detected in our survey at a representative time of 10 5 yr (but note that chemistry has not necessarily reached steady state by then), using the formula:
where X mol is the fractional abundance of the molecule, A V is the visual extinction, and 1.6 × 10 21 is the column density of hydrogen at a visual extinction of one magnitude. Note that the formulation above simply give an 'on the spot' approximation of the column density. We set N mol = 10 12 cm −2 as the minimum theoretical column density to consider a species detectable. Below this value we do not take into account the results of the models.
Influence of cosmic rays and UV fields on molecules
Our modelling results show that most molecular species are sensitive to the presence of external fields. We checked the variations of their column densities as a function of UV and CRs strengths (i.e. for the four different models). A summary of the findings is shown in Table 2 . While the column density of HOC + is enhanced by the presence of UV radiation, many other species are easily dissociated by UV fields in the external layers of the molecular clouds (such as CO, HCN, or NS). On the contrary, we found that methanol (CH 3 OH) is clearly destroyed by cosmic rays, while the production of several other species is favoured by the presence of CR photons in the ISM of NGC 1068 (e.g. SiO, CN, or N 2 H + ). Finally, only C 2 H shows similar column densities (within one order of magnitude of variation) for all the models.
Our results agree well with those of [2] , who also used the UCL CHEM model to find suitable molecular tracers of hot cores under different physical conditions. In general, the trends of chemical abundances with respect to ζ variations found by [2] are similar to what is shown in our Table 2 , with few exceptions, CS being the most contrasted species between both works. For this species [2] predicted a decrease of its abundance with increased ζ , while our models predict a slight increase. This may be explained by the different physical parameters used in both works (other ζ strength, initial and final densities, visual extinction and final temperatures).
On the other hand, the comparison of our models with those of [3] -where is explored PDR chemistry in a variety of extragalactic environments-leads to big discrepancies regarding the response of the molecular abundances as a function of ζ and FUV radiation fields. For example, [3] deduced that CN and HCO + are not affected by the variations of ζ , while our results predict enhancements of those species. Also, [3] found that CO, HNC, HCN and H 2 CO are not influenced by changes of the FUV radiation field, whereas our results indicate that the abundances of these molecules are reduced by at least one order of magnitude when the FUV field increases. These disagreements are mainly due to the fact that [3] used the UCL PDR model where -unlikely the UCL CHEM code used here-the depletion of atoms and molecules on to grains, and the subsequent surface chemistry, is not included. In other words, our present modelling assumes that even the gas affected by UV photons has undergone sufficient processing involving gas-grain interactions. 
Comparison with the observations
By considering a multi-component model we succeed in reproducing the observed column densities (shown in [1] ) of almost all the detected molecules in our survey within one order of magnitude, HOC + being the only exception. We consider this a good match, as the column densities have relevant uncertainties due to the calibrations and the assumption of LTE conditions. In general, the observations are better reproduced by the models which consider a high cosmic ray ionization rate, but low FUV radiation (Model c), and high values of both parameters (Model d). However, as expected, the scenario depicted by the models reflects clear differences in the origin, as well as timescales of the species, as well as highlighting some degeneracies; nevertheless sometimes the same degeneracies can highlight the prevalence of a particular energetic process. For example CO, ubiquitously tracing gas at a wide range of densities, is well matched by all the models, yet models with high and low radiation field, as long as the cosmic ray ionization rate is high, match the observations better. On the other hand, methanol is much better matched by a model where both radiation field and cosmic ray ionization rates are low: we interpret this 'mismatch' in physical conditions between CO and CH 3 OH as an indication that the two species, on average, arise from different gas; methanol clearly seems to arise from regions where the cosmic ray ionization rate is close to standard, probably not representative of the average cosmic ray ionization rate of NGC 1068s. This rate is in fact well known to be variable within our own galaxy [7] , and it may well vary in NGC1068 too. On the other hand, the HCO + observed abundance is only matched if the cosmic ray ionization rate is high (i.e. Models c and d), independently of the FUV field strength.
Unlike for cosmic rays, there are very few species that help us determining the average UV field(s) strength in NGC1068; of particular interest we have HCO, which seems to get closer to the observed value only in models where the UV field is low, while there is no molecule that needs a high radiation field in order to match the observations. While this does not exclude a high radiation field for this galaxy, especially near the nucleus, it seems unlikely that a rich chemistry comprising of species such as HCO would survive is the average radiation field were to by much higher than the canonical interstellar one.s
Finally it is interesting to note that our models show different recycling cycles among molecules. This behaviour seems to be related to the nature of the species rather than a dependence on the radiation field and cosmic rays strength. For example, the observations of some species, such as CH 3 OH and NS, are better matched at early times (∼ 10 3 yr), since their abundances quickly drop afterwards by at least three orders of magnitude. Similarly, the column densities of some important undetected species (e.g. CH 3 CCH) drop dramatically below the detectable levels at later times (i.e. ∼ 10 5 yr). On the other hand, CO, HCO + and HOC + always maintain constant values.
